The patterns of transmission of Giardia lamblia and the potential contribution of strain differences to pathogenicity of infection is poorly understood. We used pulsed field gradient gel electrophoresis (PFGE) to separate chromosome-sized DNA molecules of 22 stocks of G. lamblia isolated from 13 individuals (6 symptomatic, 7 asymptomatic) living in Jerusalem. PFGE gels run under a variety ofconditions revealed up to nine ethidium bromide-stained bands per isolate ranging in size from 0.7 to > 3 megabasepairs. Relative staining intensities indicated that some bands contained multiple chromosomes. Major differences in the number, size, and intensity of bands allowed a clear differentiation of the karyotypes of isolates from each of the different individuals. This is in contrast to previous studies where the karyotype of different isolates have been strikingly homogeneous. Hybridization of Southern blots with surface antigen, ,-tubulin, and ribosomal RNA genes revealed that these gene families were distributed to different sized chromosomes amongst the different isolates. PFGE thus revealed major differences in the karyotypes of different G. lamblia isolates that were obtained over a short period of time from a relatively confined geographic area. In contrast, karyotypes of isolates established either by direct cultivation of duodenal trophozoites or by excystation of stool cysts from the same individuals were almost identical. Also, isolates from the same individuals obtained over a prolonged period of time revealed only minor differences in their karyotype, suggesting that recurrent infection can be caused by genetically similar organisms. We conclude that chronic giardiasis can result from recurrence of occult infection or reinfection from a common source. (J. Clin. Invest. 1992. 89:1725-1733
Introduction
Giardia lamblia (G. lamblia, also known as G. duodenalis and G. intestinalis) is a flagellated protozoan parasite of worldwide distribution. Its life cycle consists oftwo stages: the binucleated trophozoites adhere to the mucosa ofthe upper small intestine and replicate by binary fission; a proportion of trophozoites undergo encystation, producing the quadrinucleated cyst which is excreted in the stools and is resistant to a range of environmental conditions. The majority of G. lamblia infec- tions in man are asymptomatic, but some cases may be associated with acute or persistent diarrhea with or without malabsorption. The factors responsible for development ofsymptomatic versus asymptomatic infection are poorly understood, but the existence of pathogenic and nonpathogenic strains, akin to the situation for Entamoeba histolytica (1) , remains an intriguing possibility.
The development and application of methods for the in vitro axenic cultivation of G. lamblia have been instrumental in promoting basic investigation ofthe biology ofthis parasite. Cultures of G. lamblia trophozoites may be established either directly from trophozoites in aspirated duodenal fluid (2, 3) , or indirectly using cysts isolated from stool samples and excysted in vitro (4) or in laboratory animals (5) . A large number of human and nonhuman isolates from diverse geographic regions have thus been established and characterized. Different isolates were shown to generate clinically variable experimental infections in humans (6) and in laboratory animals (7, 8) . Isolates have also been shown to vary in their susceptibility to infection with the Giardia-specific double-stranded RNA virus (9) . Evidence for genetic heterogeneity among isolates that could explain the variable biological behaviour ofdifferent isolates has been observed by a variety of techniques. These include variability in isoenzyme profiles (10, 1 1), protein electrophoresis ( 12) , analysis of surface antigens and excretory-secretory products (13) , drug sensitivity assays (14) (15) (16) , restriction fragment length polymorphisms (17) (18) (19) and karyotype analysis (20) (21) (22) (23) . However, the genetic markers responsible have not been identified. A further elucidation ofthe genetic heterogeneity could be of value (a) in clarification of the currently confused taxonomic classification of Giardia (24) ; (b) in identification of potential markers of infectivity, virulence, and drug resistance; and (c) as an epidemiological tool in studying transmission of Giardia among individuals or within a community.
Previous Giardia characterization studies have usually been based on analysis of unrelated isolates with little information available regarding clinical and epidemiological correlates. In this report, we describe a karyotype analysis of G. lamblia isolated from symptomatic patients as well as asymptomatic carriers, all from within a single geographic region. The isolates chosen for analysis in this study were collected to enable an epidemiological comparison of: (a) repeated isolates obtained from the same individual over a period of time; (b) isolates established simultaneously from both trophozoites and cysts from the same individual; (c) isolates from subjects having close contact with each other.
To characterize and compare these isolates, we used pulsed separates chromosome-sized DNA molecules of up to 10 megabasepairs (Mb) (27) , and stored in water at 4VC for 5-10 d after the specimen had been submitted. Excystation was then induced by incubation of the cysts in hydrochloric acid, pH 2, for 30 min at 370C (4). Cysts were then precipitated by centrifugation and transferred to a sterile, screw-capped glass borosilicate tube filled with 12 ml ofTrypticase, yeast extract, iron-serum (TYI-S-33) medium modified by the addition ofbovine bile (28) and antibiotics: penicillin 200 IU/ml and streptomycin 200 ,ug/ml. For cultivation ofG. lamblia directly from trophozoites, a small volume of intestinal fluid was obtained using the string test (Entero-Test@); HDC Corp., San Jose, CA) as previously described (3) , or by aspiration during a small intestine biopsy procedure (isolate 12, Table I ) or fiber-optic endoscopy (isolate G,). One or two drops ofthis fluid were immediately transferred to a culture tube with medium as above except for the addition of vancomycin 20 jig/ml and clindamycin 20 ;Ag/ml. These antibiotics were reqWred to eliminate contamination with oropharyngeal flora and were omitted after the initial isolation phase.
Culture tubes were maintained vertically in a 37°C incubator and the medium was periodically aspirated and replaced with fresh medium until the trophozoites attached to the inner glass surface approached a monolayer. Cultures were then cryopreserved in fresh medium containing 10% dimethyl sulfoxide as previously described (3) and maintained in liquid nitrogen until required for karyotype analysis.
Cloning ofG. lamblia. Two isolates, A2 andJ2 (Table I) , were cloned by limiting dilution (29) . To remove any possible aggregates oftrophozoites, the culture medium was aspirated and replaced with fresh medium. The tubes were chilled to detach the adherent trophozoites which were then diluted in fresh medium to a concentration of 0.1 Fig. 2 d, we have separated the largest chromosome-sized DNA molecules to determine the upper size limit of the chromosomes. From this comparison, it is clear that chromosomesized DNA molecules larger than -3 Mb are rare or absent from each of the G. lamblia isolates. Also, the overall size-distribution of chromosomes is confined to between 700 kb and -3 Mb, independent of the extensive size heterogeneity that can be observed among the chromosomes confined to this size class. Finally, a potential double-strand RNA virus (9) was seen in only one of the isolates (band marked with an asterisk in panel d).
Results of hybridizations with telomere, rRNA, and tubulin probes (Fig. 2, right side) (25) . Finally, the hybridization to chromosomes encoding tubulin genes reveals that their location is relatively conserved but some heterogeneity is still apparent at the higher pulse times (compare panels a3 and c,).
Analysis of cloned G. lamblia isolates. In view of the extreme diversity demonstrated amongst our G. lamblia isolates and the relatively large number of bands in individual karyotypes, we needed to exclude the possibility that the karyotypes of our uncloned isolates represented composites of simpler karyotypes resulting from a mixed population. We therefore prepared clones by limiting dilution from two of the isolates (A2 and J2). These were chosen because they contained a larger number of bands in their karyotypes than most other isolates. Of the three clones of isolate A2 illustrated in Fig. 3 , only the center one lacks a single -3-Mb band but is otherwise identical to the uncloned parental A2 population, as are the two other clones. The clone and first two subclones ofisolate J2 shown in the right side of Fig. 3 as well as 10 other subclones not shown in this gel are all identical to the uncloned parent J2 population; the third subclone, however, lacks one ofthe pair ofbands just below the compression zone and has an additional, fast migrating band (marked with an asterisk).
The limited karyotype heterogeneity, affecting only one band out ofan otherwise identical separation pattern, indicates that the samples that we have isolated and propagated in the laboratory do not consist of mixed G. lamblia populations. Furthermore, each karyotype shown in Fig. 2 shows no evidence of being composed of a mixture of basic karyotypes that would suggest the presence ofmixed populations. We therefore conclude that each Giardia isolate presented in Fig. 2 is a single population and that each isolate contains chromosomes ofvarying size. Hybridization of these clones and subclones with an rRNA probe (Fig. 3, bottom panel) Hybridization of the filter from panel b of Fig. 4 with a f3-tubulin coding sequence probe (panel b1) further confirmed the overall conservation of the location of this gene family among the different isolates. In isolates B, J, and L, some differences can be observed when the location ofthe tubulin genes is compared in cysts and trophozoites from the same individual. However, although the majority of their chromosomes are of identical size in these paired isolates, this heterogeneity indicates that changes in the size ofthese chromosomes may accumulate, for instance during differentiation or propagation of Giardia in the laboratory, depending on the starting material (cysts or trophozoites) chosen. Finally, we also determined the chromosomal location of several of the surface antigen genes which have been shown to be differentially expressed among different Giardia isolates. Panel b2 in Fig. 4 is an autoradiogram ofthe PFGE gel in panel b, probed with the surface antigen probe D2dS (35) . This probe can be seen to hybridize with the reference isolates WB (from which the probe is derived) and Portland 1 and also with the isolates from study subjects I and B; however, no hybridization is apparent with either the cyst-or trophozoite-derived isolates from subjects A, J, and L. (Successful transfer of DNA to the nylon filter in these lanes is confirmed by the positive hybridization with the tubulin probe in panel b,.) The isolates from the other eight study subjects which are not included in Fig. 4 were all recognized by the D2dS probe (data not shown). Identical results were obtained with a probe for the surface antigen gene isolated by Adam and co-workers (36) revealing that these two surface antigen gene families encode proteins that are either not essential for viability or whose function has been substituted by other proteins in these isolates. The lack of these surface antigen genes also indicates the degree of genetic divergence between some of the Israeli isolates and the WB strain, and is consistent with previous findings (10 Table I ), axenic cultures were established both by excystation of stool-derived cysts as well as by direct cultivation from duodenal trophozoites. Cyst (c) and trophozoite (t) cultures are compared in pairs of adjacent lanes for each individual; (the cyst and trophozoite-derived isolates for subject I are 13 and I2, respectively, in Table I genetically similar or dissimilar organisms. The application of PFGE to the investigation of this question is illustrated in two such cases analyzed in Fig. 6 in our laboratory (30, 31, 38) 
